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Abstract. In this paper, we propose a robust finite volume scheme to numerically solve
the shallow water equations on complex rough topography. The major difficulty of this
problem is introduced by the stiff friction force term and the wet/dry interface tracking.
An analytical integration method is presented for the friction force term to remove the
stiffness. In the vicinity of wet/dry interface, the numerical stability can be attained by
introducing an empirical parameter, the water depth tolerance, as extensively adopted
in literatures. We propose a problem independent formulation for this parameter, which
provides a stable scheme and preserves the overall truncation error of @(Ax?). The
method is applied to solve problems with complex rough topography, coupled with h-
adaptive mesh techniques to demonstrate its robustness and efficiency.
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1. Introduction

Shallow water equations (SWEs) have been extensively applied to model hydrody-
namic phenomena such as estuary and coastal tidal flows, bore wave propagation, surface
irrigation, lake and reservoir hydrodynamics, and open channel flows. Although the nu-
merical methods for shallow water equations have been studied thoroughly in the last
decades, there are still some persistent difficulties in their application to practical models,
which are often slightly different from the homogeneous shallow water equations. In the
case of complex and rough topography, the differences under consideration here are very

*Corresponding author. Email addresses: 1lyricidyll3@gmail.com (J. Deng), rli@math.pku.edu.cn
(R. Li), tao.sun@exxonmobil.com (T. Sun), wsn1987@gmail.com (S. N. Wu)

http://www.global-sci.org/nmtma 384 (©)2013 Global-Science Press



Robust a Simulation for Shallow Flows with Friction on Rough Topography 385

typical, including the friction force term of Manning form [1] due to the topography rough-
ness, and the wet/dry interface due to wave propagating on a dry topography in practical
applications.

The Manning friction force turns out to be a stiff source term in case of small wa-
ter depth in the vicinity of wet/dry interface. As Bradford and Sanders [2] pointed out,
the Manning formula requires division by water depth h, which results in an unrealis-
tically large prediction of friction force in shallow regions near wet/dry interface, mak-
ing the momentum equations stiff and the solution sensitive to water depth. Typical dis-
cretized methods have been applied to the friction source term, including the explicit Euler
method [3,4], the implicit Euler method [5,6], and the semi-implicit method [7,8]. How-
ever, to keep the numerical stability and to control truncation error both impose more
severe constraints on time step than the CFL condition. We apply the Strang splitting to
separate the Manning friction force term from the shallow water equations, then give the
analytical solution in the splitting step when handling the friction source term thus the
constraint on time step due to the stiffness is released.

The other problems are the incorrect diffusion and the numerical sensitivity near
wet/dry interface. The averaging process of data in a partially wetted cell at the wet/dry
interface may give a very small water depth and wet the faces of this cell. As it is averaged
on the entire cell instead of the wet part, artificial spreading of water into neighbour dry
cells leads to the qualitatively incorrect wet/dry interface diffusing [2]. Furthermore, the
small water depth makes the numerical scheme instable that additional error is produced.
Many authors have studied the techniques for the wet/dry front. The positivity of the
water height and the well-balance property under the presence of dry areas is achieved
by two basic ingredients: a positivity reconstruction [9-11] and an additional time step
constraint [12,13]. The basic idea of the latter method is to reduce the time step only for
the edges that contribute to the outflow of these cells. We note that the new technique for
treating wet/dry fronts in the context of Roe schemes presented in [11,14], which consists
of an adequate nonlinear Riemann solver (exactly solved) at the intercells where a wet/dry
transition has detected. In this work, we adopt the method in [9]. Precisely, the numerical
errors of velocities u and v which are computed by (hu)/h and (hv)/h are amplified in
case of h — 0. As a remedy, an artificial parameter is prescribed in the numerical scheme
by many authors [2,4,15-17], which is referred as water depth tolerance and denoted by
h.,; later on. In case of water depth smaller than h,,;, the velocity components are set to
be zero and the local fluxes are neglected to suppress possible instability. The numerical
results therein illustrate that this technique works if magnitude of the parameter is appro-
priate. However, the value of the empirical parameter h,,; is problem dependent. If h,; is
chosen large enough to prevent wet/dry interface diffusion, the overall accuracy may be
spoiled by the error on wet/dry interface. On the other hand, as reported in [2] and [16],
h., has been varied by one order of magnitude higher and lower in a variety of friction-
less problems with a negligible influence on the resulting solution. But for problems with
bed friction of the Manning form, the model becomes even more sensitive to the value of
h:,;- We remove the sensitivity by directly integrating the friction source term, and pro-
pose a problem independent formulation of h,,; preserving the overall truncation error of
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0(Ax®). Since the new formula of h,,; is dependent on the local spatial mesh size, it can
be applied to h-type adaptive mesh method smoothly.

The rest of this paper is organized as follows. In Section 2, the shallow water equations
with friction force on rough topography and the numerical scheme in the wet area are
presented. In Section 3, we analyze the stiffness of friction source term and propose an
analytical integration formula. In Section 4, we give the formulation of the empirical
parameter h.,; which preserves the overall truncation error. A number of test cases are
presented to validate the optimal numerical accuracy and stability of the scheme in Section
5 and finally conclusions are arrived at in the last Section.

2. Discretisation of the governing equations

The 2D shallow water equations with source terms are derived by depth-integrating
the Reynolds-averaged Navier-Stokes equations, under the assumption of incompressible
fluid and hydrostatic pressure distribution, with the vertical acceleration of water particles
neglected [18]. It is formulated as

ou
— + V- -F=8§, (2.1)
at

where t is time, U = (h, hu,hv)T, h is water depth and (u,v)” are vertically averaged flow
velocities along the x and y directions, respectively. The flux vector F = (E, G) is as

hu hv
1
E=| ml+-gh® |, G= h“¥ . 2.2)
2 hv? + —gh?
huv 58

The source term S = S;, + S includes the bottom slope source term S;, and the friction
source term Sy

0
hé’z 0
s,=| S'ax |, s;=| —CouvuR+v? |, (2.3)
_gha_z —CpvyVu?+v?
dy

where z(x, y) is riverbed elevation, Cj, is bed roughness coefficient computed by the Man-
ning formula C, = gn®h~'/3 [1]. The parameters involved include the gravity constant g
and the Manning roughness coefficient n.

As the friction source term S; may cause numerical instability in the vicinity of wet/dry
interface (see Section 3), we apply the operator splitting method following [5,19] to get
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the following two systems

ou
E_'_V'F:Sb’ (2.43)
ou

which are denoted by operators £’ and £ respectively

ou |
E =Y U, (2.53)
ou .

The Strang splitting scheme [20] for the SWEs (2.1) is formally written as
U(x,t" + At) = exp (EALSZF) exp (Atzl) exp (lAt,%F)U(X t") (2.6)
3 2 2 2 B .

with x = (x, y).

We will propose a direct integration method for Eq. (2.4b) in Section 3. The remaining
part of this section is to introduce the cell-centered finite volume method [21] applied to
Eq. (2.4a), which is a 2nd-order scheme of Godunov type. As a consequence, the resulting
scheme (2.6) is of 2nd-order accuracy in both space and time.

Let 2 be the computational domain. At time t", the SWEs (2.1) only make sense in the
wet area €2, which is the part of 2 with positive water depth. The domain & is triangulated
into a set of triangular cells denoting as 7; to form an unstructured mesh 7 = | J 7;. In each
cell 7;, the conservative variables of SWEs are discretized as piecewise linear functions as

U"|_ (%) =U!'+ VU (x — X)),

where U} = (h’l?, (hw)?, (hv)?) " is the cell mean value, VU is the slope on 7; and x; is the
barycenter of ;. With a prescribed parameter h,,;, the cell 7; in the triangulation is called
a wet cell if its mean water depth h is not less than h,,;. Otherwise, 7; is called a dry cell.
As the discretisation of the wet area (, €, is defined as the union of the wet cells

QhEU{Ti; h?thol}.

In the finite volume discretisation below, we only compute the numerical flux on the bound-
ary of the wet cells. On the common boundary of two dry cells, the numerical flux is
neglected.
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2.1. MUSCL-Hancock scheme

Applying Gauss’s theorem to the integral form of Eq. (2.4a) over a cell 7;, one obtains

o
—J de+J F-nds:J S,dx, @2.7)
at

T; oT; T;

L

where n is the unit outer normal vector of 7;. The MUSCL-Hancock method [21] achieves
a 2nd order accuracy time discretisation consisting of a predictor step and a corrector step.
In the predictor step,

N At
n+1/2 _
Ui = U? - m ZJ F(Uﬁl) . Ilde + 7Sg’i, (2.8)
L j=1 51'1')14

where U; are cell-averaged conservative variables on 7, |7;| is the area of 7;, 97, ; is the j-
th edge of 7; with the unit outer normal as n;, and Sy ; is bed slope source term discretized
by a centered scheme with the riverbed gradient given by reconstruction. The flux vector
F(U;) is evaluated at each cell face d7; ; after piecewise linear reconstruction based on
the mean values in its neighboring cells (see Subsection 2.2). In the corrector step,

3

At +1/2 yn+1/2 +1/2
Ut =0 - > Ja Fi(UL 2, 0pt?) - njds + aesp T2, (2.9)
v =107,

where the numerical flux vector F*(U?HH/ Z,Ug;rtl/ %)-n is calculated based on an approxi-
mate Riemann solver at each quadrature point on the cell boundary. The HLL approximate
Riemann solver [22] is used in our implementation due to its simplicity and stable perfor-
mance on wet/dry interface. VU™ /2 is taken as VU" instead of the reconstructed slope
of U"*1/2 which gives much better numerical results [5] and saves the computational cost
of an extra reconstruction.

The time step length At is determined by the CFL condition as

) Ax;
At = CFL-min (2.10)

i ghi+\/ul.2+vi2’

where Ax; is the size of 7;, usually computed as the minimum barycenter-to-barycenter
distance between 7; and its neighbor cells. In our simulations, the CFL number is always

set as v/2/2.

2.2. Linear reconstruction

In each time step, the cell mean value U{‘ is updated as U?H by (2.8) and (2.9). The
slope of U?H is obtained by a piecewise linear reconstruction to achieve a 2nd order
accuracy. Particularly, we use the Surface Gradient Method (SGM) [23] which suggests
the reconstruction variables as 1 = h+ z, hu and hv. With this method, one can preserve
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Figure 1: The ENO-type reconstruction on a patch of cells.

the lake at rest naturally for the case of continuous riverbed [23]. In our implementation,
we use a simple ENO-type reconstruction method similar to [24] to suppress the numerical
oscillations near steep gradients or discontinuities. Precisely, for a function ¢ = n, hu or
hv, with its cell mean value ¢; on 7; given, the gradients of ¢ for the three triangles AAiB,
ABiC and ACiA are referred to as (V¢ )aig, (V¢ )pic and (V¢)cia (see Fig. 1), from which
we choose the one with the minimal 12 norm

Vi =argmin{ [V@lle, V6 € {(V8)un, (VOhnics (VOdeu}.  211)

Following the idea of minmod slope limiter, we set V¢; = 0 when ¢; >
max{g, g, ¢c} or ¢; < min{¢p,, ¢p, P} In addition, the physical criteria should be
satisfied in the process of reconstructing 7, namely that the water depth h = 1 — 2z must be
non-negative at each quadrature points, otherwise V; is set to be zero.

Remark 2.1. After the piecewise linear reconstruction above, some of the cells is turned
into the so-called partially wetted cells, saying the cells with water submerging at least
one vertex but not all. For the partially wetted cells, the gradients of variables need to be
fixed. For these cells, the general numerical techniques applied to wet cells are unable to
produce qualitatively correct solutions, generating spurious velocities and often violating
mass conservation [17]. We enforce zero gradients of both surface elevation and riverbed
in partially wetted cells following [4, 16], which is the simplest method automatically
capturing the wet/dry interface and preserving the still water state.

2.3. Hydro-static reconstruction

For the case of discontinuous riverbed, the hydro-static reconstruction method plus an
additional correction of the source term [9] is adopted to preserve positivity of water depth
and the lake at rest.

Along an edge of the cell 7;, denote hy, u, 1, q 1, 2, and hg, U, g, 4 g, 2g as the left
and right water depths, normal velocities, normal momentums and riverbed elevations in
7; and its neighbour cell, respectively. The modified conservative variables are given below
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for the numerical flux calculation
z" = max(zy,2g),
hi = maX(O, nL— Z*)5 h; = maX(O, Nr — Z*)5
n;z:h"i+z*, n§=h§+z*,
* *
q; =uphj, qg = ughy.

(2.12)

Then the HLL numerical flux on this edge is modified to balance riverbed slope source
term for the purpose of preserving the lake at rest,

F* ‘n= FHLL ‘n— SF(Ui) + SF(UL), (2.13)
with the static flux
SF(U) = (0, gh®n,/2,gh’n, /2)",

and the unit outward normal n = (n,, ny)T.

2.4. Boundary condition

We follow [6,25] to propose the boundary conditions. The characteristics theory tells
us that the Riemann invariant Rt = u — 24/gh of the 1D SWEs is conserved along the
right characteristics dx/dt = u + @, thus the open boundary condition for 2D SWE:s is
implemented based on Riemann invariants along the normal direction. In the following,
we use subscripts n and 7T to denote normal and tangential component, B and I to denote
the values exterior and interior to the domain boundary. Let the Fround number to be

Fr = v/ u?+v?/4/ gh, the boundary condition we used is as
1. Fr < 1 (subcritical flow)

The R™ condition is given as

Unp — 24/ ghpg = uy; — 24/ ghy. (2.14)
Then we have
Upp =Ups — 2\/§(\/h_1 —+/hg), hgis prescribed; (2.15)
or . ,
hg = {\/h—l — %(un’l — un’B)} , Upp is prescribed. (2.16)

If the normal momentum (hu),, 5 is prescribed, the substitution of u, g = (hu), /hg
into Eq. (2.14) gives a nonlinear equation for hz, which can be solved by an iterative
method such as the Newton method.

2. Fr > 1 (supercritical flow)

For inflow, the variables hg,u, 5 and u, g are prescribed, and for outflow,

hB :hl’ un,B =un,1, uT,B :ul—,[. (2.17)
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Another two types of boundary condition are applied at wall boundary, including the
free slip boundary condition

hB = h[, un’B == 0, uT’B == uT’I, (2.18)
and the reflective boundary condition

hg=h;, Upp=—Upr, U;p=1Uc;. (2.19)

3. Friction source term of manning form

We discuss the stiffness of the friction source term of the Manning form in Subsection
3.1, then propose an direct integration method for the split equation (2.4b) in Subsection
3.2.

3.1. Stiffness of friction source term

The system (2.4b) for the friction source term of Manning form in component-wise
formation is as

oh
ot

u

i —gn®h~*Puy/u +v2, (3.1
0

8_: = —gn?h By /u2 4+ v2.

Notice that h is invariant, we define C(h) = gn®h~*/3 as a positive constant, then

2
= —chuvu 2, (3.2)

at
0
a—: =—C(h)vVu?+v2 (3.2b)

Let q = (u,v)T, q, = Vu?+v2 and ®(u,v) = q,q, then the Jacobian matrix M = Z—Z’ has
two eigenvalues g, and 2q,..

The explicit, implicit or semi-implicit Euler scheme (8 =0, f =1, 0 < 8 < 1 respec-
tively) applied to (3.2) is as

q""' =q" - c(WAt{(1-p)e" +pe"'}, 0<p<1, (33)

where ®"*! is approximated by

d\n
—) (@' —qV)=q"q"+M"(q""" —q"),

¢n+1 ~ @Tl_'_ (a
dq
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which yields
q"t! =1+ C(RABM") H{(1 - C(R)AtgMI+ C(R)ALBM"} - q".

As the eigenvalues of M" are q;' and 2q;, the classical stability condition of Euler schemes
requires that

I(1+ C(h)AtBg") {1 — C(h)Atq" + C(h)AtBq"} < 1, (3.4a)
{ I(1+ C(h)AtB2¢") {1 — C(R)Atq" + C(R)AtL2q"} < 1, (3.4b)
which leads to

c(h)Atq™(1-2p) <2, (3.5a)
{ C(h)Atqr(1—4p) < 2. (3.5b)

Thus the necessary and sufficient conditions for the stability of scheme (3.3) are as

when 0 < f8 < 1, stable < At < ;,

2 C(h)(1—2pB)q" (3.6)

1
when > <pB <1, stableforall At.

In the case of 0 < 8 < 1/2, note that C(h) — +o00 as h — 0. Thus we have At — 0,
provided that g has a positive lower bound. Therefore, if the explicit Euler scheme or the
semi-implicit Euler scheme with 0 < 8 < 1/2 is applied, the time step At has to be much
less than that given by the CFL condition (2.10) in the cell where the water depth h is very
small, based on the requirement for numerical stability.

At the same time, the truncation error of the scheme (3.3) is

o((—C(MAat)™) = o((h*3ar)mt), (3.7)

where m is accuracy order with m = 2 for § = 1/2 and m = 1 for other case. Therefore,
the local truncation error of the Euler schemes is quite large in the vicinity of wet/dry
interface where h — 0, whatever the 3 takes.

3.2. Direct integration for friction source

To remove the stiffness and reduce the numerical error, we propose an analytical inte-
gration method below. The expression of analytical solution for Eq. (2.4b) is given below
with initial values U} = (h7, (hu)Z, (hv)).

It is sufficient to solve Eq. (3.2). Taking (3.2a) x u+ (3.2b) x v, we have

13(u?+v?) s 93
- /2
> R C(h)(u* +v=)*/=. (3.8)
Let ¢, = v/ u? + v2. We have
90 g (3.9)
= q;. .

ot
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For initial value U7 = (h}, (hu)}, (hv)}), the solution of (3.9) is as

a4 _ 1
Qrx 1+ C(hZ)qr*(t - t*),

(3.10)

where t —t, = At, ¢, = 1/ (W?)? + (v1)2. At the same time, the direction of velocity vector

is preserved as % =0, so we have (u,v) = (u,, v,) - j—’ and

n+l _ . n 2(1,n1\—4/3 ny2 ny2
{ u ul/(1+ gn*(h) M2+ (vM2At), (3.11)

v =y (14 gnP(hD) ™43 /(uh)? + (v1)2At).

Therefore, we have the analytical solution for Eq. (2.4b) in the form of conservative
variables as

hn+1 — h:,
()™t = (hu)? /(1 + gn®(RY) ™73/ ((hu)™)? + ()12 A), (3.12)
()™t = ()2 /(1 + gn?(h") 7734/ (hwM? + (hv)2)2 Ab).

This direct integration does not impose any constrain on the time step At, thus we com-
pletely remove the stiffness and get an absolutely stable method for the friction source
term.

Remark 3.1. The friction source term involved in test case 5.1 has a simpler form with

Cp = th/v u? +v?, thus

0
Sg=| —thu |, (3.13)
—Thy

where 7 is the bed friction parameter. Similarly, we have the analytical solution for
Eq. (2.4b) as

hn+1 =h"

%2
(hu)"*! = e ™A (hu)", (3.14)
(hv)n-i-l — E_TAt(hV)Z.

4. Overall truncation error
The overall truncation error of our method is coming from several folds. The first one

is the spatial and temporal discretisation of the SWEs in Section 2. The second one is due
to the time splitting and the last one is due to the treatment on the wet/dry boundary.
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4.1. Time-splitting
We consider the Strang splitting (2.6) following [26]

U(x, t + At) ~ exp (%AtffF) exp (Atzf) exp (%At.?F)U(X, £), 4.1)

for the solution of % = (& + MU, with £! and £F referring to (2.5a) and (2.5b).

If ¢! and ¥F are commutative, the splitting (4.1) is exact. Otherwise the splitting
error operator is defined as

Egp1ie(At) =exp (%At.%F) exp (Atzl) exp (%At.%F) —exp (At(,?l + ,%F))
— %AtB (i(gF)Zg[ _ %gnggF n %gz(gF)z _ %(gI)ZgF
+ ol pF ! - %.%F(.%I)Z) IND) (4.2)
The truncation error operator for the Strang time-split method is (see [26] for details)
ESUTOM(AL) = Egpi (A1) + Ef(ALD) + 2Ep(At/2) + 0(AtY), (4.3)

where E; and E are local truncation error operators for approximation solution operators
of split equations (2.4a) and (2.4b), respectively.

In this work, we take advantage of the MUSCL-Hancock finite volume method to solve
Eq. (2.4a), which is a 2nd-order upwind scheme of Godunov type, thus the truncation error
E;(At) = 0(At®). On the other hand, we solve Eq. (2.4b) by the analytical integration
method, thus Er(At) = 0. To examine the overall truncation error ES{"%%(At), the term
remains to be checked is the norm of #% as an operator on L! functions. Actually, we have

7 Ul =I1Cp(0,u, V)T Vu? + v
:J Cp(lul + vV u?+v2idx
Q,h>0

scf hY3dx,
Q,h>0

where u, v is assumed to be bound. Let us assume that there exists a constant M > 0 such
that

J h13dx < M. (4.4)
Q,h>0

Thus the total truncation L' error is @(At3)

|EStrans (At)U||;: < CALS, if Ue LY(Q). (4.5)
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Remark 4.1. For the splitting error operator (4.2), a first glance gives Ep,;;; = CLZ, oAt =
h~=2/3¢(At3) with the assumption of boundness of velocities u and v, where the appear-
ance of Cp is due to £F. As a result, we have

EStrang(Ar) = 2B o(At), (4.6)

which is clearly an improvement comparing to other numerical methods for the friction
source term while h — 0, such as the Euler scheme with truncation error h=*@(At?) for
B =1/2inEq. (3.7).

Remark 4.2. It is clear that the assumption (4.4) is invalid if there is a wet part with very
thin layer of water. Here we put a few words on how severe a constraint the assumption
(4.4) exerts on the solution. For 1D case, considering the case that the wet/dry interface
locates at x = 0 and h = x%, we then have

1 1
J h3dx = J x"3dx < 00
0 0

requires that a < 3.

4.2. Wet/dry tracking

The cells with water depth h < h,,; are taken as dry cells, where the cell mean momen-
tums are cleared to be zero. There are no numerical fluxes between dry cells. Namely, we
modify numerical solution U" = (h", (hu)", (hv)") at the n-th time step to

on = { (h",0,0), if h" < hyy, (4.72)
u", otherwise. (4.7b)

We assume that the velocities u, v is uniformly bounded following the physical common
sense, which leads to

U" —U" < Chyy;. (4.8)
It is clear we have the following:
Proposition 4.1. If h,,; is taken as

heor = 0(AX?), (4.9)

and the area of the domain where 0 < h < h,,; is assumed to be O(Ax), then the truncation
LY erroris of O(AX?).

The domain where 0 < h < h;,; is assumed to be the narrow band in the vicinity
of wet/dry boundary with length ¢(1) and band width &¢(Ax), thus its area is of order
0(Ax). Then the L! truncation error due to modification Eq. (4.7) is obviously @(Ax?).
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Remark 4.3. If the system is solved on an h-type adaptive mesh, the dependence of h,,;
on Ax can be local since Ax is not a constant over the computational domain. Based on
our experience, we take h,,; in a cell as the following empirical form

. Ax 2

htol = Ehc min ( B 1) B (4.10)
Xref

where € is a small number (we set it to be around 1072 in the implementation), h, is

the typical water depth, which is usually taken as the maximum water depth in initial

conditions and boundary conditions, Ax is the size of the cell, and Ax,. is the reference

cell scale which can be set to be the minimum mesh scale Ax,;, of the initial mesh for

example.

5. Numerical tests

In this section, we present several numerical tests to validate the 2nd-order conver-
gence of our scheme, the effectiveness of our choice of h,,; and the analytical integration
method for the friction terms, then we simulate the river flow on a complex rough topog-
raphy. The numerical scheme is implemented using C++ programming language based on
the adaptive finite element package AFEPack [27]. The h-type adaptive mesh technique
and parallelization on distributed memory architecture are used.

In our simulation, the order of convergence a is defined by

E~NTb,

where the error E is computed in L! norm, N is the number of cells and D = 2 is the
dimension of domain. Thus
a=-DXs, (5.1)

where s is the asymptotic slope in the log-log map of E versus N, which is expected to be
-1.

For test Cases 5.2 and 5.4, the technique of mesh adaptation is introduced to tackle the
issue that a loss of convergence order generally occurs on uniformly refined meshes due
to the presence of steep gradients or genuine discontinuities. The h-adaptive methods on
unstructured mesh are based on information retrieved from a posteriori error estimators
which are derived from local error analysis. The heuristic local error indicator adopted in
our computation is given as

&, = &)+ &.(hu)+ &.(hv) + &.(2), (5.2)

where

&:(¢) =17l

T

1| SRR 53)
T

where 71 is a cell in the mesh and | 7| is its area, [[-]] denotes the jump of a variable across
07, and Ij,¢ is the piecewise linear numerical solution for ¢, with ¢ = n, hu,hv,z. We
refer to [28] and [29] for details of h-adaptive method and Eq. (5.3), respectively.
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5.1. Test case 1: oscillatory flow above parabolic bottom topography

This classic test of oscillatory flow above parabolic bottom topography with analytical
solution was first proposed by Thacker [30] including Coriolis force terms, then extended
by Sampson et al. [31] including friction terms instead, and recently extended to 2D case
by Wang et al. [32].

The 2D parabolic bed topography is

Zb(x).y) = hO(X2 +.y2)/a2)

where h, and a are both constants. The friction terms take the following simpler expression
(3.13) instead of Manning form (2.3), see Remark 3.1. The analytical solution depends on
the relationship between 7 and a peak amplitude parameter

p =V 8ghg/a%.

Here we only consider the case of T < p and the exact solution is

1 1 T
n(x,y,t) =hy— —B%e~ " — —Be "t/ (E sin(st) +s cos(st))x
4

28
+ lBe_“/2 (Z cos(st) —s sin(st))y, (5.4)
g 2
and
u(t) =Be "?sin(st),  v(t) = —Be /% cos(st), (5.5)

where B is a constant and s = /p2 — 72/2.7
The computational domain is [—5000m, 5000m] x [—5000m, 5000m], and discretized

into 28672 uniform cells with minimum mesh scale 36.25m. The constants are set as
hy =10m, a = 3000m, B = 5m/s. For a non-frictional flow, T = 0, and the flow is expected
to indefinitely oscillate inside the parabolic basin with a half-period of T /2 = 672.8s. For
a frictional flow, it is assumed that T = 0.002s~!. The simulation is carried out for four
periods until t = 4T = 5382.4s for both cases. The boundary conditions are transmissive
which have no influence on the flow as it never reaches the boundary. We take h. = hy and
Ax,.s = 36.25 in the Eq. (4.10) to give h;,;. The CFL number is set as V2/4 for this test
case.

Figs. 2 and 3 show the numerical results in terms of velocity time histories at a point
(1000, 0) and a water surface profile along line y = 0 at t = T/2 and 4T. The numerical
results are in perfect agreement with the exact solution and the moving wet-dry fronts are
well resolved.

"We have found that actually the results in Wang et al. [32] are incorrect as the error of two components of
the velocity are not on the same level. It looks that the problem is due to a typo in the analytical expression of
the solution, i.e., the sign of the last term of Eq. (5.4) is incorrectly negative in [32].
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Figure 2: Test case 5.1, velocity time histories at the point (1000, 0).
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Figure 3: Test case 5.1, the water level profile along line y =0 at t =T/2 and 4T.

5.2. Test case 2: dam-break wave propagating over three humps with friction

This case of dam-break water waves over the dry riverbed with three humps was first
studied by Kawahara and Umetsu [33] and reconsidered by other authors (e.g., [4,34]),
in order to verify the capacity of the numerical method in predicting flow over uneven to-
pography with wetting and drying. The computational domain is [0m, 75m] x [0m,30m],
with the bed topography defined by

z(x,y)zmax{o, 1—%\/(x—30)2+(y—6)2, 1—%\/(x—30)2+(y—24)2,

3— 1%\/(x —47.5)2 + (y — 15)2}.

The Manning coefficient n is 0.018. In the formula (4.10) for h,,;, we take h, = 2 and
Ax,.; = 1.065 as the minimum mesh scale of the initial mesh of 557 cells. The slip
boundary conditions are applied at all the boundaries.
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Figure 4: Test case 5.2: water surface elevation, water depth contour and adaptive meshes at different
times and time histories of the total number of cells.

Initially, the dam is situated at x = 16 m containing still water with surface elevation
n = 1.875 m, then it collapses at t = 0s. Fig. 4 shows the propagation of the flood
at several moments, where the 3D visualisations of water surface elevation, plan views
of water depth contour and adaptive meshes are represented. The numerical results are
obtained with the initial adaptive mesh with 2191 cells and the initial adaptive tolerance
as 0.05. At t = 3s, the flow has reached the tops of two small hills and begins to rise over
them. At t = 6s, the small hills are totally submerged and the flow front reaches more than
halfway up the large hill. Then at t = 12s, it fails to reach the top, passes through two sides
of the large hill to the back. After complicated wave-wave, wave-wall, wave-topography
interactions and the dissipated effect of friction force, the flow finally reaches a steady state
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Figure 5: Test case 5.2: the log-log map of the L! error of h, hu,hv on adaptively refined meshes against
the number of cells and the log-log map of the indicator against the L! error at t = 3s and 6s.

with still water at t = 300s. The numerical model simulates well the complicated process
of wetting and drying. The time evolution of the number of cells in the adaptive meshes is
shown in Fig. 4(f).

The numerical solutions are also computed on a series of adaptive meshes, with the
adaptive tolerance decreasing from an initial value of 5 to 5/28. The reference solution is
computed on a uniform mesh with 223,232 cells. The convergence results are shown in
Fig. 5. It reveals that our numerical scheme achieves almost optimal 2nd-order accuracy
at both t = 3s and 6s. The indicator is proportional to the L' error both at t = 3s and 6s.

5.3. Test case 3: Malpasset dam-break

In 1959, the Malpasset dam broke on the Reyan River valley in the southern France,
which was a rare example of total and instantaneous collapse of an arch dam, and was
responsible for more than 400 injuries. After the disastrous event, laboratory studies were
carried out by Electricité de France (EDF) to measure the arrival time and maximum water
level at several gauge points (for the coordinates of these points we refer to Hervouet [35]).
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Figure 7: Test case 5.3: comparison of numerical results with those given by Hervouet [35] and Wang
et al. [32] and laboratory data at various measuring points.

Many authors (e.g., [7,32,35,36]) have studied this case and we revisit it here to validate
our model.

The simulation is performed on a non-uniform triangulated mesh with 26011 cells with
the same mesh points as [35]. The dimensions are 17500m x 9000m and the minimum
mesh scale is 3.304m, see Fig. 6. The dam is modelled by a straight line formed by points
D,(4701.183m,4143.407m) and D,(4655.553m,4392.104m). Initially, it is assumed that
the water level is 100m upstream and the floodplain downstream is dry. The manning
coefficient is set to n = 0.033s/m/> as [32]. The upstream boundary conditions are set to
be h,u,v =0, 2 = 100 and the other downstream boundaries are transmissive. For h,,, it
is taken that h, =100 and Ax,.; = 3.3 in the formula Eq. (4.10).

Fig. 6 shows the elevation of riverbed and the flooding extent at t = 30 min when
the water has already inundated a wide area downstream. Fig. 7 gives the comparison of
numerical results and experimental data obtained from the physical experiment in terms of
arriving time and maximum water depth, at various gauge points downstream, resulting
in satisfactory agreement. Our results fit quite well with the experimental data and the
numerical results given by Hervouet [35] and Wang et al. [32].
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5.4. Three Gorges dam-break simulation

As the last example, we simulate the inundation by the Three Gorges dam-break in the
Yangtze River physical model, with the purpose of studying the robustness of our method
when handling large scale problem with complex rough topography. The Three Gorges
dam was built at Sandouping Town, Zigui County, 38 km upstream of Yichang City with
area about 90 km? and population 1.6 million, see Fig. 8. The Three Gorges dam was built
with the design elevation as 181 meters, the maximal water level as 175 meters, and the
crest of inflow discharge to be m,,,, = 7 x 10*m®/s. It forms a reservoir of 3.93 x 10'%m?.

Y.ichang, Huhe

Figure 8: The location of the Three Gorges dam and Yichang City in Google Map.

The computational domain is taken to be a part of Yangtze River basin containing the
Three Gorges dam. The initial state is shown in Fig. 9(a), where the water is at rest with
surface elevation 175m upstream of the dam and the floodplain downstream is dry. The
inflow velocity is set as vy = 3m/s and the inflow water surface elevation 1y = 223 m, so
that the total inflow discharge is numerically integrated to be 7.0059 x 10*m3/s closely
approaching the crest one m,,,. The inflow and outflow boundaries lie on the up-left
and down-right side of the computational domain, respectively. The reflective boundary
conditions are simply taken at the outflow boundary and other lateral boundaries, where
the cells are not much interested by the flow and therefore the related boundary conditions
have little influence on the results. The Manning coefficient n is 0.018. In the formula
(4.10) for h,;, we take h, = 223 as the inflow water surface elevation and Ax,.r = 76.635
as the mesh scale of an initial uniform mesh of 37704 cells.

The technique of mesh adaption is used to improve the computational efficiency, with
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(a) initial state (b) t =0h

(c) t=0.67h (d) t=20.84h

Figure 9: The Three Gorges dam-break simulation: (a) is the computational domain and the initial
state with color representing the value of water depth. (b), (c) and (d) are the adaptive mesh in the
up-left domain at t =0, 0.67, 20.84 hours.

adaptive tolerance 5 x 10°, see Figs. 9(b)-9(d) for the adaptive meshes in the up-left part
of the domain at different times.

At the beginning, the water cascades down due to the fall head of water surface on two
sides of the dam, then rushes through the grand zigzag gorge between high mountains,
passes through the first third of grand gorge at about t = 0.67 hours, the second third at
about t = 2.07 hours, flowing backward to several tributaries along the gorge, and finally
bursts out the exit of the gorge at t = 5.27 hours, see Figs. 10(b)-10(d). The flow velocity is
turning slower, partially due to the fact that the topography elevation gets higher along the
gorge, especially near the sharp bend at the second third of grand gorge. In our simulation,
the water then pours into Yichang City 5.27 hours after the dam-break. Almost half the
city is submerged by the flood at t = 11.11 hours, while all the city and villages nearby are
overwhelmed at t = 20.84 hours, see Figs. 11 and 12.
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(a) t=0h (b) t=0.67h

(c) t=2.07h (d) t=5.27h

Figure 10: The Three Gorges dam-break simulation: the water depths at ¢t = 0, 0.67, 2.07 and 5.27

hours.

Figure 11: The Three Gorges dam-break simulation: the water depths at 11.11 hours.
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Figure 12: The Three Gorges dam-break simulation: the water depths at 20.84 hours.

6. Conclusions

We proposed a robust numerical scheme to solve the shallow water equations with
friction source term on complex rough topography. We adopted a time splitting scheme
to separate the friction source term and derived a direct integration formula to handle it
that the stiffness due to the friction is elevated. With a moderate setup of the water depth
tolerance, the overall truncation error of the scheme is of 2nd order accuracy. The water
depth tolerance is essentially problem independent and a refined formula based on our
experience of this parameter is helpful to improve the numerical performance. With the
help of these two points, the behaviors of the numerical scheme is very robust, and the
numerical instabilities as reported in the literatures are erased. The scheme is coupled
with h-adaptive mesh technique to carry out numerical simulations on several different
cases with satisfied accuracy and stability.
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